We report observations of coherent optical transition radiation interferometry (COTRI) patterns generated by microbunched ~200-MeV electrons as they emerge from a laser-plasma accelerator.
Periodic longitudinal density modulation of relativistic electron beams at optical wavelengths (microbunching) gives rise to coherent light emission in such forms as synchrotron radiation, including the free-electron laser (FEL) [1, 2] , and optical transition radiation (OTR) in its coherent form (COTR). The latter has been observed from FELs [3, 4] and laser-driven plasma accelerators (LPAs) [5, 6] . In the first case, the FEL mechanism fundamentally depends on growth of microbunching at the resonant wavelength and its harmonics [7] . In the second case, COTR in some configurations can characterize microbunched portions of the electrons [3] [4] [5] [6] .
Microbunching in an FEL oscillator was observed indirectly via the buildup of FEL output power to saturation [2] . The first direct time-resolved observation of microbunching in an FEL oscillator [8] used an off-phase final rf accelerator stage to streak a beam modulated at 60 µm wavelength, thereby mapping microbunch arrival time onto energy as displayed in an electron spectrometer. With the advent of self-amplified spontaneous emission (SASE) FELs with a single-pass through a long amplifier chain, FEL light and the electron beam became accessible after each undulator, enabling tracking of FEL power and microbunching. The first measurements of microbunching evolution at visible wavelengths [3, 4] used COTR interferometry (COTRI) to track microbunched features uniquely through the exponential gain regime, through saturation, and into post saturation [4] . An analytical model of COTRI fringe patterns showed growth of a microbunched transverse core in the exponential gain regime, and its subsequent reduction after saturation [4, 9] . Subsequently, such experiments were extended to vacuum ultraviolet wavelengths, further benchmarking this model [10, 11] . These experiments foreshadowed the x-ray SASE FELs of today [2, [12] [13] [14] [15] [16] by benchmarking the GENESIS simulation code [17] used in their prediction and development [18] .
In this Letter, we report new investigations of microbunching in laser-driven plasma accelerators (LPAs) [19] , including the first evaluations of the beam emittance of this subset of electrons with COTR techniques. This microbunching is not accessible with betatron x-ray spectroscopy [20] , pepper-pot measurements [21] , scintillator-based methods [22] , or other LPA beam diagnostics [23] . LPAs are currently a major initiative in advanced accelerator technology, with compact FELs [24, 25] prominent amongst a growing list of potential applications. Detailed understanding of microbunching is critical to developing LPAs and LPA-based FELs. Past experiments have used COTR to deduce the presence of sub-bunches located in adjacent LPA buckets [26] or of an intrabunch slice of sub-per cent energy spread [27] . Here we use the interference of COTR from 2 tandem foils located downstream of the LPA to deduce the presence of visible-wavelength microbunching within the dominant quasi-monoenergetic component of an electron bunch that was ionization-injected [27, 28] into, and accelerated to ~200 MeV within the leading bubble of a strongly nonlinear LPA. Indeed particle-in-cell simulations have predicted microbunching in LPAs [29, 30] . Such a microbunched fraction might be used to seed an FEL. Our results show that visible-wavelength COTR gain relative to incoherent OTR rivals that obtained previously in a saturated SASE FEL. As a result, COTR is intense enough to distribute to multiple cameras with different frequency filters or imaging modalities on each shot, enabling thorough characterization. For example, one group of cameras detects COTR imaged from the surface of the first foil [hereafter "near-field" (NF) images], which when analyzed using a coherent point-spread function enables beam-size measurements at the LPA exit. Other cameras record the COTR in the focal plane of a collecting lens [hereafter "far-field" (FF) images], thereby measuring the angular distribution of radiation. We observed fringes in the latter data that are consistent with Wartski two-foil COTRI [31] Experimental results are interpreted using a COTRI model [4, 9] to extract electron divergence and pointing from FF data. Combined frequency-filtered beam-size and divergence data yield single-shot, transverse emittance estimates of these microbunched electrons generated within the plasma bubble.
Our experiments used pulses from the DRACO laser (central wavelength 800 nm, energy up to 4 J on target, pulse length 27 fs (FWHM), and peak power 150 TW [28, 32] at HelmholtzZentrum Dresden-Rossendorf. These were focused to ~20 µm (FWHM) at the center of a 3-mmlong He gas jet (with 3% Nitrogen and ~0.5-mm-long entrance and exit ramps) to drive LPAs in a self-truncated ionization-injection regime [27] in plasma of density n e ~3 x 10 18 cm -3 [28] . A 75-µm-thick Al laser foil 700 µm from the exit of the jet, tilted ~3 o off normal (Fig. 1a) , blocked (Fig. 1c) . Additionally, the electron bunch generated backward (reflected)
COTR from the front surface of the Si wafer (Fig.1a) . COTR from these two interfaces, which the microscope objective and an additional 15-cm focal length lens (see output, but with no quasi-monoenergetic peak, we observed OTR signals ~100x weaker than those reported here. Thus, the quasi-monoenergetic peak is the source of reported COTR signals.
These signals were intense enough to necessitate neutral density filters to prevent camera saturation. Nevertheless, when we operated the accelerator in different regimes, e.g. by removing the nitrogen dopant and relying on self-injection, we observed strong associated variations in COTR signal strength normalized to accelerated charge. Since foil and laser parameters were unchanged, these variations suggested that the LPA process --not interaction of electrons with foils or reflected laser fields ---created microbunching responsible for observed COTR. Beam scattering by a foil can reduce coherent emission from microbunching when the projected multiple scattering angle exceeds the OTR opening angle 1/γ [34] . The latter is 2.3 mrad, while the Bethe-Ashkin formula [35] yields a lower value (1.1 mrad) of the former for the Al foil, a higher value (2.6 mrad) for the 45 o Si mirror. To corroborate this conclusion, we measured space/angle-integrated forward COTR spectra in a downstream IR-to-UV spectrometer [36] .
With the Si wafer temporarily removed, we observed strong IR and visible light down to λ ~300 nm. When we re-inserted the Si wafer and placed a new thin OTR foil downstream of it, however, only IR light remained strong. This showed that microbunching responsible for visible COTR survived transit through ≤ 75 µm Al, but not ≥200 µm/cos45 o Si foils. We will present complete COTR spectra and analysis in a planned forthcoming paper.
Currents induced when a charged particle beam enters and exits a foil generate, respectively, forward and backward optical transition radiation [37] [38] [39] . The backward radiation cone of half angle 1/γ is generated around the specular reflection direction while forward radiation is generated in a 1/γ cone around the beam direction. Thus, the configuration in Fig. 1 generates OTR at 90 o to the beam direction, enabling minimally invasive OTR detection and imaging.
Interference of forward OTR from the aluminized Kapton with the backward OTR from the silicon reflector produces fringes with peak maxima at p = 1/2, 3/2, 5/2, etc., related to foil separation L by L = pγ 2 λ. Choosing L = 18.5 mm enabled focusing near-field optics on the first foil, while still providing good fringe contrast.
The number W 1 of OTR photons that a single electron generates per unit frequency ω per unit solid angle Ω is
where ħ is Planck's constant/2π, e is the electron charge, c is the speed of light, and θ x and θ y are radiation angles [9] . The black curve in Fig. 2a shows the single-foil OTR angular distribution 
where ∥,! , is the reflection coefficient of the second foil for parallel and perpendicular polarization components, respectively. I(k) is given by [31]
where = = 2 , and we used a small-angle approximation. The dashed red curve in Fig.   2a shows the corresponding two-foil OTR angular distribution for L= 18.5 mm and λ= 633 ± 5 nm. At γ values of interest, intensity asymmetry of the first peaks of the parallel polarization component in Fig. 2a are negligible (see Eq. 1 ref. [38] ). Strong fringe modulation is seen in this example where a Gaussian beam divergence of 0.2 mrad was convolved with (2) . The coherence function can be defined as
where
is a product (where we assume separability of ( )) of Fourier transforms g( into account the single-electron, single-foil OTR source energy [40] and the measured charge in the quasi-monoenergetic peak based on a calibrated LANEX screen [41] in the spectrometer on the same shot (see Supplementary Material for details). Thus coherent enhancements dominate over incoherent OTR for these conditions.
The FF image in Fig. 1d has 8 to 9 visible fringes. The azimuthal asymmetry in fringe intensity probably results from transverse distortions of the COTR source from a Gaussian charge distribution. Here, to simplify analysis, we averaged the data in Fig. 1d azimuthally. We then assess the resulting fringe pattern (Fig. 3a , black curve) by comparison to analytical results in Fig. 2b . Since the outermost fringes (Fig. 3a, inset ) are more sensitive to σ θ than the first two fringes, whereas amplitudes of the latter are more sensitive to neglected non-Gaussian features of the beam shape, we analyzed σ θ quantitatively by fitting azimuthally symmetric COTRI model calculations for various σ θ to the 4 th thru 9 th azimuthally averaged fringes. The dashed red curve in Fig. 3a shows the complete best-fit COTRI curve. Full analysis yields σ θ = mrad (see Supplementary Material for details). This is significantly smaller than the ensemble divergence of 3 mrad measured at the electron spectrometer without foils present [28] . Calculated and measured fringe peak positions agree well, and the number of fringes detectable (8 to 9) in the azimuthal average can only be explained with a sub-mrad divergence value. This number of fringes requires σ x,y < 6 µm based on modeling results in Fig. 2b . Analysis of linear polarized NF images (e.g. Fig. 1c ) confirms this conclusion. Fig. 3b compares a COTR model calculation for σ x = 2.75 µm (red dotted) to a y-averaged version of x-polarized NF data in Fig. 1c (Fig. 3b, black curve) . Here, calculated curves take into account the finite optical collection angle via Eq. 26 of Ref. [42] . were obtained at distance z ≈ 2.2 mm from the end of the constant-n e plateau of the gas jet.
Interpreting the latter as the accelerator exit, and extrapolating σ x =2.75 !!.!" !!.!" back to z = 0 using = 0.48 !.!" !.!" mrad yields estimated rms beam radius σ x (z = 0) ≈ 1.5 µm at the accelerator exit for this shot. This value is consistent with the range of rms beam radii inside, and near the end of, this accelerator determined independently by analyzing betatron x-ray spectra [43] , results which will be published separately.
To illustrate wider COTRI diagnostic possibilities for LPA beams with more complex structure, Fig. 4a shows FF data without linear polarizer for a different shot. Here, a dark node runs vertically through the interference pattern, a feature not seen in Fig. 1d , nor in most shots. b. Determination of divergence and its uncertainty from fringe visibility. Since COTRI fringe visibility is insensitive to in the range < 4 µm (see main text, Fig. 2b , positive angles), we fixed the beam radius at ≈ 2 µm for purposes of fitting azimuthally averaged COTRI data in Fig. 3a with as the sole variable. As a preliminary step, we subtracted a θ-dependent background from the data (see Fig. S3a ) and obtained the result in Fig. S3b . The less than unity modulation depth in the raw data results from finite pixel size, optics misalignment, aberrations, and other imperfections in the imaging system. The backgroundsubtracted data was then fit to a family of model COTRI curves with variable . Fig. S4 shows results of this fit. 
